Abstract The rock pore space in many subsurface settings is saturated with water and one or more immiscible fluid phases. Examples include nonaqueous phase liquids (NAPLs) in contaminated aquifers, supercritical CO 2 during sequestration in deep saline aquifers, the vadose zone, and hydrocarbon reservoirs. Self-potential (SP) and seismoelectric (SE) methods have been proposed to monitor multiphase flow in such settings. However, to properly interpret and model these data requires an understanding of the saturation dependence of the streaming potential. This paper presents a methodology to determine the saturation dependence of the streaming potential coupling coefficient (C) and streaming current charge density (Q s ) in unsteady state drainage and imbibition experiments and applies the method to published experimental data. Unsteady state experiments do not yield representative values of C and Q s (or other transport properties such as relative permeability and electrical conductivity) at partial saturation (S w ) because S w within the sample is not uniform. An interpretation method is required to determine the saturation dependence of C and Q s within a representative elementary volume with uniform saturation. The proposed method makes no assumptions about the pore space geometry. Application of the method to published experimental data from two natural sandstone samples shows that C exhibits hysteresis between drainage and imbibition, can exhibit significant nonmonotonic variations with saturation, is nonzero at the irreducible water saturation, and can exceed the value observed at S w = 1. Moreover, Q s increases with decreasing S w but is not given by 1/S w as is often assumed. The variation in Q s with S w is very similar for a given sample and a given drainage or imbibition process, and the difference between samples is less than the difference between drainage and imbibition. The results presented here can be used to help interpret SP and SE measurements obtained in partially saturated subsurface settings.
Introduction
The pore space in many subsurface settings is saturated with water and another immiscible fluid phase; examples include nonaqueous phase liquids (NAPLs) in contaminated aquifers, the vadose zone, saline aquifers during CO 2 sequestration, and hydrocarbon reservoirs. Use of the self-potential (SP) and seismoelectric (SE) method has been proposed to monitor flow in such settings [e.g., Antraygues and Aubert, 1993; Doussan et al., 2002; Moore et al., 2004; Jackson et al., 2005; Linde et al., 2007; Kulessa et al., 2012; Saunders et al., 2012; Talebian et al., 2013; Warden et al., 2013; Revil et al., 2014; Jougnot et al., 2015] . However, to properly interpret and model these data requires an understanding of the saturation dependence of the streaming potential generation during two-phase flow.
When fluid in a porous rock is subjected to a pressure gradient that causes it to flow relative to the mineral surfaces, an excess of electrical charge within the so-called diffuse layer adjacent to the mineral surfaces is transported with the flow, leading to the generation of a streaming current. At a steady state, the streaming current is balanced by a conduction current to maintain electrical neutrality, and the associated electrical potential is termed the streaming potential [e.g., Corwin and Hoover, 1979; Revil, 1999; Jackson, 2008] . There is no requirement for the streaming and conduction currents to follow the same path except in the simple one-dimensional (1-D) case. The streaming current may be induced by a pressure gradient driving flow, which yields the streaming potential contribution to the measured SP, or a transient pressure gradient caused by seismic waves passing through the medium, which yields the SE effect.
At the continuum level, for single-phase flow, the Darcy velocity q (m s
À1
) and the total current density j (A m
where σ (S m
) is the electrical conductivity of the porous medium, k (m 2 ) is the permeability, η (Pa s) is the viscosity of the fluid, and L (V S Pa À1 m À1 ) is the electrokinetic cross-coupling term. At equilibrium the streaming and conduction currents balance in 1-D and the ratio of the pressure and voltage difference defines the streaming potential coupling coefficient [Sill, 1983] 
where ΔU (V) and ΔP (Pa) are the voltage and pressure difference, respectively. The value of C (V Pa
) has been used in numerous studies to predict the magnitude of the voltage gradient for a given pressure gradient [e.g., Wurmstich and Morgan, 1994; Revil et al., 2007; Saunders et al., 2008; Allègre et al., 2010; Vinogradov and Jackson, 2011] . When there is more than one fluid occupying the pore space, a streaming current can be defined for each fluid phase and the total streaming current is the sum of the individual phase contributions. However, in many natural systems, water is the only fluid phase that transports electrical charge, so the electrical conductivity σ and coupling coefficient C become functions of water saturation [Jackson, 2008] :
where σ and C are the electrical conductivity and coupling coefficient when the porous medium is fully water saturated (S w = 1), and the relative electrical conductivity and streaming potential coupling coefficient are given by [Guichet et al., 2003; Revil and Cerepi, 2004] C r ¼ C S w ð Þ=C S w ¼ 1 ð Þ (5a)
where I is the so-called resistivity index. The saturation-dependent relative electrical conductivity σ r (or resistivity index I) is often described using Archie's second law or variants thereof [Dullien, 1992] . However, the saturation dependence of the relative coupling coefficient C r remains poorly understood.
A number of models have been published for the saturation dependence of C r (summarized in Table 1 ) [e.g., Wurmstich and Morgan, 1994; Perrier and Morat, 2000; Guichet et al., 2003; Revil and Cerepi, 2004; Linde et al., 2007; Jackson, 2010; Jougnot et al., 2012] . Wurmstich and Morgan [1994] and both predicted that C r should increase with decreasing water saturation based on the assumption that the nonwetting phase is transported as bubbles. However, this assumption is not appropriate when both phases are continuously distributed throughout the pore space. Guichet et al. [2003] suggested that C r varies linearly with water saturation. Revil and Cerepi [2004] developed a nonlinear relationship between C r and S w .
Titov et al. [2002] described the streaming current j s (A m À2 ) in terms of the streaming current charge density
where q w is the Darcy velocity of the water. They attempted to relate the streaming charge density with the intrinsic hydraulic conductivity and concluded that the streaming charge density is not influenced by permeability. Linde et al. [2007] and Revil et al. [2007] later equated Q s with the excess charge per unit pore volume in the diffuse layer (termed here Q v ) and argued that Q v scales inversely with water saturation. This model for the saturation dependence of Q s has been used to match experimental measurements of streaming potential
Journal of Geophysical Research: Solid Earth 10.1002/2017JB014242 using a similar approach to the one proposed herein . However, Allègre et al. [2014] performed a succession of drainage and imbibition cycles in a sandpack and attempted to build a model of C r (S w ) assuming the 1/S w dependence of Q r but was unable to obtain a satisfactory match. Moreover, simple pore-scale models that capture the distribution of fluids, electrical charge, and flow demonstrate that Q v ≠ Q s at partial saturation, because of the heterogeneous distribution of water within pores of different sizes and the nonuniform flow field within a given pore [Jackson, 2008; Linde, 2009; Jackson, 2010; Jougnot et al., 2012 Jougnot et al., , 2015 . Jougnot et al. [2012] used a bundle of capillary tubes model to calculate the saturation dependence of Q s , iteratively adjusting the capillary size distribution to match experimentally measured water retention curves (their WR method) or relative permeability curves (their RP method).
Their approach was applied successfully by Jougnot et al. [2015] to model field measurements of streaming potential in an agricultural test site. However, a bundle of capillary tubes model is too simple to capture the complex pore space topology of most geologic porous media.
A number of experimental measurements of streaming potential during multiphase flow have also been reported ( Figure 1) . Guichet et al. [2003] measured the streaming potential during drainage under gas in a water-wet sandpack and reported a monotonic decrease in relative coupling coefficient ( Figure 1a) ; however, in similar experiments, Allègre et al. [2010] obtained strongly nonmonotonic behavior, with the relative coupling coefficient increasing by some 2 orders of magnitude before decreasing with decreasing water saturation ( Figure 1b) . Revil et al. [2007] also reported a monotonic behavior of relative coupling coefficient in dolomite core samples, but, as pointed out by Allègre et al. [2011] , they calculated C r based on a value of C (S w = 1) that was extrapolated from the data obtained at partial saturation. When their data are rescaled to the value of C (S w = 1) reported by Revil and Cerepi [2004] for experiments on the same samples, C r again exhibits nonmonotonic behavior and exceeds the value at saturation (Figure 1a ; compare open and closed triangles, noting the closed triangles plot against the right-hand axis).
A common feature of the studies reported above is that they observed zero streaming potential at the irreducible water saturation when water flow ceased. In contrast to these studies, Moore et al. [2004] and Vinogradov and Jackson [2011] observed a nonzero streaming potential (and, hence, coupling coefficient) at the irreducible water saturation. They measured the streaming potential during unsteady state displacements in sandstone core samples, in which a nonaqueous, nonwetting phase (gas, oil, or supercritical CO 2 ) was injected into an initially water-saturated sample during drainage, and then water was injected into the same sample at the irreducible water saturation during imbibition. Vinogradov and Jackson [2011] suggested that flow of the nonwetting phase at the irreducible water saturation drags with it small volumes 
Guichet et al.
[2003] C r (S w ) = S w (8)
Darnet and Marquis
a w is the hydrodynamic resistance factor. b R represents the excess of counter-ions in the pore water of the rock; β is the mobility of ions. However, in such displacements, the water saturation in the sample is not uniform except at the initial (fully water saturated) condition, the irreducible water saturation, and the residual nonwetting phase saturation. Consequently, the permeability, streaming potential, and electrical conductivity measured across the sample are apparent values. These measured data cannot be used to interpret or model multiphase flows where it is assumed that the saturation is uniform within a representative elementary volume (REV) [e.g., Dullien, 1992] . Instead, it is necessary to develop and apply methods to interpret data from unsteady state displacement experiments to determine values of the parameters of interest within a REV. An alternative to unsteady state measurements is to use the steady state method where both phases flow at constant rate through the porous medium of interest, but steady state measurements are considerably more complex and time consuming to obtain [Dullien, 1992] and no such measurements of streaming potential at partial saturation have been reported to date. Sigmund and McCaffery [1979] proposed a method to interpret the saturation dependence of relative permeability in unsteady state displacements, in which they used numerical simulation to fit Corey-type relative permeability functions to the observed flow rate and pressure data. In this paper, we develop a similar approach to interpret unsteady state measurements of relative permeability (k r ), electrical conductivity (σ), the streaming potential coupling coefficient (C), and the streaming current charge density (Q s ). The approach can be used to interpret any measurements of streaming potential obtained in unsteady state displacements.
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We apply the method to the experimental data obtained during drainage and imbibition using two sandstone samples by Vinogradov and Jackson [2011] and report new data for Q s in natural geologic porous media. Few studies have interpreted Q s from experimental data, and the saturation dependence of Q s in real geologic porous media is still poorly understood. We find that Q s increases with decreasing S w but is not Allègre et al. [2010] between their electrodes 6 and 7 in experiment #1.
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given by 1/S w as is often assumed. The variation in Q s with S w is very similar for a given sample and a given drainage or imbibition process, and the difference between samples is less than the difference between drainage and imbibition. Based on the results, we propose a simple model for the saturation dependence of Q s which can be used, along with modeled or measured values of relative permeability (k r ) and electrical conductivity (σ r ) to predict the complex behavior of C r observed in experiments. The results and models can be used to assist in the interpretation SP and SE measurements obtained from partially saturated subsurface settings.
Methodology
To determine the saturation dependence of the coupling coefficient within a REV requires the values of ΔP, ΔU, and S w across each REV. To determine the streaming current charge density Q s , it also requires the value of σ. These parameters were obtained here using numerical modeling to predict values across a cylindrical rock core sample (ÀC , ÀS w , and Àσ ) and optimization to minimize the difference between predicted and observed values. A finite difference approach was used to discretize the governing equations, assuming that mass and current flow can be modeled in one dimension (1-D) along the core sample. The numerical model divided the core sample into 100 equally sized grid blocks, each with a volume of approximately 1 × 10
This is a similar volume to that used in pore network models of sandstones, which typically contain a few thousand pores and throats and are assumed to represent a REV [e.g., Blunt et al., 2002] . Hence, we consider each grid block to be a REV with uniform saturation and identical material properties, although we recognize that the REV may be smaller and may also vary with saturation [Doussan et al., 2002; Joekar-Niasar and Hassanizadeh, 2011] .
The numerical modeling and optimization approach was subdivided into three steps. In step 1 (the "hydraulic optimization"), we used a commercial package [Schlumberger, 2013] to solve Darcy's law (equation (1)) for each phase (neglecting the electrokinetic coupling, in common with numerous similar studies) [see, e.g., Saunders et al., 2006; Gulamali et al., 2011] and the continuity equation for mass, to determine the saturation-dependent relative permeability and capillary pressure functions applied to each REV that best match the observed pressure drop and effluent phase flow rates over the duration of the experiment. This allowed us to predict the saturation in each REV at a given time.
In step 2 (the "conductivity optimization"), we used a simple harmonic average of the electrical conductivity in each REV at a given time, to determine the saturation-dependent relative electrical conductivity function in each REV that best matches the experimentally measured electrical conductivity of the partially saturated core. This allowed us to predict the electrical conductivity in each REV at a given time. Finally, in step 3 (the "electrokinetic optimization"), we used an in-house finite difference code to solve the modified Ohm's law (equation (2)), plus the continuity equation for charge, to determine the saturation-dependent relative coupling coefficient function in each REV that best matches the experimentally measured voltage drop across the partially saturated core sample at a given time. This final step yielded the desired objective: the relative coupling coefficient as a function of saturation within an REV.
Dimensions, permeability, and porosity of the core samples in the numerical model were consistent with those used in the unsteady state displacements described by Vinogradov and Jackson [2011] . They measured the pressure difference (ΔP), the streaming potential (ΔU), the electrical conductivity (Àσ), and the average water saturation (ÀS w ) across two intact, water-wet, sandstone core samples during drainage and imbibition of undecane and water (a simple 0.01 M solution of NaCl in de-ionized water). The hydraulic optimization model also includes the inlet fluid reservoir and connecting flow line ( Figure 2 ). We used Darcy's law in the same pseudo 1-D model to describe flow within the reservoir and flow line, with the permeability adjusted to yield the appropriate flow resistance for a cylindrical tube of the same diameter. In a preliminary optimization step, the compressibility of the reservoir and flow line was adjusted to match the gradual buildup of pressure measured in the experiments at the sample inlet when the pump was switched on.
The initial and boundary conditions for the hydraulic models of drainage and imbibition matched the laboratory experiments. During drainage, the initial conditions were a uniform initial water saturation of 1 and atmospheric pressure; the boundary conditions were a fixed flow rate of undecane into the inlet fluid reservoir, determined by the flow rates applied during the experiments, and atmospheric pressure at the outlet
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from the core (Figure 2a ). During imbibition, the initial conditions for the hydraulic model were uniform initial water saturation at the end of drainage (S w = S wir ) and atmospheric pressure; the boundary conditions were a fixed water flow rate into the inlet fluid reservoir, determined by the flow rates applied during the experiments, and atmospheric pressure at the outlet from the core (Figure 2c ).
The electrical model, used to optimize the electrical conductivity and electrokinetic properties, included only the core sample and was treated as a postprocessing step using the outputs of pressure and saturation from the hydraulic model at a given time. The boundary conditions for the conductivity optimization were a constant (arbitrary) current through the inlet and outlet faces; the boundary conditions for the electrokinetic optimization were dU/dx = 0 at the inlet flow boundary and U = 0 at the outlet flow boundary. This reproduced the earthed electrode used in the experiments (Figure 2b ) [Vinogradov and Jackson, 2011] .
Parameter Optimization During Drainage
The hydraulic optimization was to determine the relative permeability (k r ) and capillary pressure (P c ) (Pa) in each REV that yield the best match to the measured experimental data using the hydraulic numerical model. Following the approach of Sigmund and McCaffery [1979] , we assumed the following drainage functions for k r and P c : Journal of Geophysical Research: Solid Earth
where S wn is the normalized water saturation given by
S wir is the irreducible water saturation after drainage and S nwr is the residual nonwetting phase saturation after imbibition. The capillary entry pressure P ce (Pa) is estimated using the Leverett J-function [Leverett, 1942] 
where γ is the air brine surface tension (estimated at 30 mN m À1 ), ϕ is the porosity (0.19 for St. Bees and 0.13
for Stainton as reported in Table 1 from Vinogradov and Jackson [2011] ), and k is the absolute permeability (20 mD for St. Bees and 1.634 mD for Stainton), yielding P ce = 9.334 × 10 4 Pa and P ce = 2.694 × 10 5 Pa for
St. Bees and Stainton, respectively.
The optimization problem for drainage (in which S nwr = 0) is then reduced to one of finding the values of S wir , α, β, λ, and A that yield simulated pressure and phase flow rates that most closely match the experimentally measured values. Values of S wir were constrained to lie within the experimentally measured range (S wir = 0.29 ± 0.08 for the St. Bees sample investigated by Vinogradov and Jackson [2011] and S wir = 0.44 ± 0.08 for the Stainton sample investigated by Vinogradov and Jackson [2011] ). The problem to match simulated (subscript sim) pressure drop across the sample (ΔP), total volume of produced fluid (V f ), and water fractional flow at the outlet (F w ) with observed (subscript obs) values becomes an optimization of a least squares objective function:
We weighted each difference with the experimental uncertainties δ P , δ V , and δ F in equation (19) to make the quality of match of ΔP, V f , or F w dimensionless and minimized the objective function (f 1 ) using constrained sequential quadratic programming (SQP) nonlinear optimization [see, e.g., Nocedal and Wright, 2006] implemented in Matlab [MATLAB, 2012] . We used SQP in this study because it has been shown to have high efficiency, accuracy, and success over a large number of test problems [e.g., Schittkowski, 1985] . Given the highly nonlinear nature of the governing equations (coupled through, for example, the saturation-dependent relative permeability and capillary pressure functions [Dullien, 1992] ) the optimization solutions are likely to be nonunique and the optimization may find local rather than global minima. In an attempt to account for this, we chose the best eight sets of optimized parameters with a similar quality of match (the minimum value of f 1 + 10% variation) to take into the next step of the optimization (Figure 3 ), rather than a single set of parameters.
In the conductivity optimization, we used the simulated values of water saturation to determine the electrical conductivity of each REV. To do this requires the saturation-dependent relative electrical conductivity (σ r ) in each REV. We assumed a modified Archie's law which accounts for surface electrical conductivity [e.g., Clavier et al., 1984; Revil and Glover, 1998; Glover et al., 2000] :
in which n corresponds to the saturation exponent, a 1 corresponds to the bulk electrical conductivity when the rock is fully water saturated, and a 2 corresponds to the surface electrical conductivity, which is assumed to be independent of saturation because the samples are strongly water-wet so water forms a continuous film along the mineral surfaces at partial saturation [Hearst and Nelson, 1985] . We constrain
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a 1 + a 2 = σ obs (S w = 1) because the simulated electrical conductivity must equal the observed electrical conductivity when the rock is fully water saturated. The objective function f 2 was a the sum of the weighted squared difference between observed and simulated sample electrical conductivity at a given time t
where δ σ is the experimental uncertainty of electrical conductivity. For each of the eight sets of optimized hydraulic parameters obtained in the previous step, we identified the values of a 1 , n, and a 2 , and a 1 and n with a 2 = 0, that minimized the objective function (equation (21)). Thus, 16 sets of optimized parameters were taken into the final optimization step (Figure 3 ).
In the final step (the electrokinetic optimization) we used the simulated values of pressure, water saturation, and electrical conductivity obtained using the optimized parameter sets in the previous steps to determine the streaming potential drop across each REV. The sum of these potential drops yields the total streaming potential measured across the sample. To do this requires the saturation-dependent relative streaming potential coupling coefficient (C r ) in each REV. Since there is no general model to describe the saturation dependence of C r and experimental data to date has suggested complex, nonmonotonic behavior, highorder functions have been tested to match the complex behavior of C measured in experiments. We varied the order of the polynomial approximation in a preliminary step and found that the quality of match to the experimental data did not significantly increase above order 4 but was significantly better than order 3, so we used an order 4 polynomial function given by
where b 1 , b 2 , b 3 , b 4 , and b 5 are fitting parameters to be adjusted in the optimization. The objective function f 3 was where δ C represents the measured uncertainty of the streaming potential coupling coefficient. Although we use an arbitrary polynomial function to describe C r , we recognize that the streaming charge density in a water-wet rock must increase with decreasing water saturation, because the mobile electric charges are located within the wetting water layers and the nonwetting phase occupies the pore centers Revil et al., 2007; Jackson, 2010] . We used this condition to reject some solutions for C r obtained from the optimization; only C r solutions in which Q rs (calculated using equation (13) in Table 1 ) increased monotonically were allowed, although there was no constraint placed directly on the optimization. In some cases, we added a constraint to the optimization that forced C r (S wir ) = 0 in each REV, to determine whether this influenced the solutions obtained. For each of the 16 sets of optimized parameters obtained from the previous steps, we chose the 10 sets of optimized electrokinetic parameters b with a similar quality of match (the minimum value of f 3 + 10% variation). Thus, the drainage optimization finished with 160 sets of optimized parameters b that yield 160 possible functional relationships for the relative streaming potential coupling coefficient for each sample (Figure 3 ).
Parameter Optimization During Imbibition
The optimization approach during imbibition was very similar to that used during drainage, except that the relative permeability curve for water becomes
With measured permeability k(1 À S nwr ) at irreducible water saturation. Moreover, there is no constraint on the electrical conductivity optimization (a 1 + a 2 ≠σ obs (S nwr ) in equation (23)), because water saturation is less than 1 at the end of imbibition. Finally, the initial conditions for imbibition vary depending upon the optimization parameters chosen for drainage. We selected two different initial conditions for imbibition from the ensemble of optimized values at the end of drainage, one of which yielded a monotonic saturation dependence for C r during drainage and the other of which yielded a nonmonotonic saturation dependence. The values of S nwr during the hydraulic optimization were constrained to lie within the experimentally measured range (S nwr = 0.088 ± 0.08 for the St. Bees sample and S nwr = 0.095 ± 0.08 for the Stainton sample).
The imbibition optimization finished with 160 sets of optimized parameters b for each of the two selected starting conditions, thus yielding 320 possible functional relationships for the relative streaming potential coupling coefficient for each sample.
Results
Drainage Optimization
The objective function values (f 1 , f 2 , and f 3 ) obtained at the end of the hydraulic, electrical conductivity, and electrokinetic optimizations are plotted for both core samples during drainage (Figures 4a, 4c , and 4e) and imbibition (Figures 4b, 4d , and 4f). The case numbers listed on the horizontal axis correspond to the best eight sets of parameters obtained in the hydraulic optimization during drainage; since hundreds of values of f 3 were obtained during the electrokinetic optimization (see Figure 3) we represent the range of values using the error bars in Figures 4e and 4f . Moreover, since we selected two different initial conditions for imbibition from the ensemble obtained at the end of drainage, the number of optimized values is doubled.
Typical results from each step of the drainage optimization are shown in Figures 5-7 , and the results are summarized in Table 2 . Figure 5 shows typical results from the hydraulic optimization: there is a good match within experimental error to each of the measured parameters, and the two off-trend experimental data points around 15 h in Figure 5f most likely reflect the accumulation of air bubbles within the core sample. The spikes in pressure observed in Figures 5a and 5b reflect the experimental measurements of streaming potential. Figure 6 shows typical results from the electrical conductivity optimization for cases without (Figures 6a and 6b ) and with (Figures 6c and 6d ) surface electrical conductivity (a 2 = 0 and a 2 ≠ 0, respectively); the quality of match is not significantly affected by the value of a 2 . Both samples exhibited a rapid initial decrease in measured relative electrical conductivity with decreasing water saturation, and this was very difficult to match using an Archie-type equation; indeed, despite numerous attempts, we failed to match the data within experimental error for water saturation values over the range 0.8-1, although the mismatch is small. Higher order polynomial relationships between σ r and S w were tested, and we also tried a three-stage Archie-type equation (in which the saturation exponent n in equation (20) had differing values for three different ranges of saturation), but the quality of fit was not significantly improved (f 2 values were reduced by less than 6 × 10 À5 , which is small compared to the minimum values obtained; see Figure 4 ). Higher-order polynomial functions also yielded unphysical behavior. The shift in water saturation between observed
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and simulated data is because we compared data at the same time step, rather than at the same saturation, as discussed above. Figure 7 shows typical results from the electrokinetic optimization, which yielded both monotonic and nonmonotonic relationships between C r and S w with similar qualities of fit to the experimental data. Figure 7 shows examples of each relationship type compared to the measured data. The Stainton sample showed strongly nonmonotonic behavior at high water saturation, and it proved to be very difficult to match the initially rapid decrease in relative coupling coefficient with decreasing water saturation despite the use of a highorder polynomial, although the nonmonotonic behavior was captured. As before, the shift in water saturation between observed and simulated data is because we compared data at the same time step rather than at the same saturation. The uncertainty in S w is shown in Figures 6 and 7 and arises from the relatively low (±0.1 mL) precision in measuring the volume of produced liquid. This uncertainty is cumulatively increased during drainage and imbibition [Vinogradov and Jackson, 2011] .
Imbibition Optimization
Typical results from each step of the imbibition optimization are shown in Figures 8-10 , and the corresponding values are summarized in Table 3 . Figure 8 shows typical results from the hydraulic optimization; there is a generally good match within experimental error to each of the measured parameters, Figure 6 . Typical results from the electrical conductivity optimization during drainage for (a, c) Stainton and (b, d) St. Bees during drainage: selected optimization results using Archie's law (a 2 = 0) ( Figures 6a and 6b) ; selected optimization results using modified Archie's law with nonzero a 2 (Figures 6c and 6d) . The error bar denotes the typical experimental error. (Figures 9c and 9d ) surface electrical conductivity (a 2 = 0 and a 2 ≠ 0, respectively); the quality of match is not significantly affected by the value of a 2 . St. Bees exhibited a rapid initial increase in measured relative electrical conductivity with increasing water saturation at the start of imbibition, which was very difficult to match using an Archie-type equation despite numerous attempts. Higher-order polynomial functions and three-stage Archie-type equations were also tested during imbibition, but there was no significant improvement in the quality of fit (f 2 values were reduced by less than 5 × 10 À5 which is small compared to the minimum values obtained; see Figure 5 ). Figure 10 shows typical results from the electrokinetic optimization, which yielded both monotonic and nonmonotonic relationships between C r and S w with similar qualities of fit to the experimental data; there is a good match within experimental uncertainties. As before, the shift in water saturation between observed and simulated data is because we compared data at the same time step rather than at the same saturation.
Interpretation of Optimization Results
Figures 11-13 show the optimized saturation dependence of the relative permeability, capillary pressure, electrical conductivity, and coupling coefficient across each REV; the spread in each (denoted by the dashed lines) reflects the range of parameter values selected at the end of each optimization step (Figure 3) , and the solid line shows one specific example. Parameter values are summarized in Table 4 .
As expected, relative permeability and capillary pressure exhibit monotonic but hysteretic behavior during drainage and imbibition ( Figure 11 ). Hysteresis is observed because of the differing flow paths and contact angles during drainage and imbibition [e.g., Brooks and Corey, 1964; Fenwick and Blunt, 1998 ]. Hysteresis is also observed in the electrical conductivity, which can be related to changes in pore-scale fluid distribution caused by changes in saturation history [Longeron et al., 1989; Blunt et al., 2002] . Optimized values of the saturation exponent n are often lower than the range of 1.5-2.5 typically observed for sandstones [Knight, 1991] ; many experimental and numerical studies have demonstrated that the saturation exponent n can be saturation-dependent, with smaller values observed at lower water saturation and values around 2 close to saturation [e.g., Knight, 1991; Roberts and Lin, 1997; Suman and Knight, 1997; Knackstedt et al., 2007] .
The relative coupling coefficient also demonstrates hysteretic behavior during drainage and imbibition for both samples. However, the most striking result is that the predicted relative coupling coefficient within an REV is consistent with experimental data and, during imbibition, can exceed the value observed at S w = 1. The predictions also demonstrated strongly nonmonotonic behavior within an REV during drainage and imbibition. Moreover, the relative coupling coefficient at the REV may be 0 or nonzero at the irreducible water saturation but yield a similar quality of match to the apparent values measured across the core sample.
Discussion
Saturation Dependence of the Streaming Current Charge Density
Using the interpreted relative permeability, electrical conductivity, and streaming potential coupling coefficient functions, the saturation dependence of the relative streaming current charge density Q r can be (Figure 14) . The three-step optimization process adopted here yielded 160 ensembles of optimized relative permeability, electrical conductivity, and coupling coefficient for each sample during drainage and 320 ensembles during imbibition with, as discussed previously, a broad range of behaviors including both monotonic and nonmonotonic variations in the relative coupling coefficient. However, the variation in relative streaming charge density with saturation interpreted from these ensembles is very narrow for a given sample and a given drainage and imbibition process, and the difference between samples is less than the difference between drainage and imbibition; i.e., the spread of Figure 9 . Typical results from the electrical conductivity optimization during imbibition for (a, c) Stainton and (b, d) St. Bees during drainage: selected optimization results using Archie's law (a 2 = 0) ( Figures 9a and 9b) ; selected optimization results using modified Archie's law with nonzero a 2 (Figures 9c and 9d) . The error bar denotes the typical experimental error. 
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Q r curves is more similar for the two samples during drainage or imbibition than it is for a given sample for drainage and imbibition.
We model the relative streaming current charge density during drainage and imbibition using a power law function given by
where p, q, and r for a given sample and displacement are determined by curve fitting to the mean values of Q r (S wn ) at each value of water saturation; R 2 ≥ 0.99999 for all samples and displacements reported here. We place a constraint that p + r = 1 because the relative streaming current charge density must equal 1 when the core sample is fully saturated with water. Values of p, q, and r obtained here are summarized in Table 5 ; the values are close regardless of sample for a given displacement, which suggests that the streaming current charge density is dictated by the pore-scale distribution of the two fluid phases. In the experiments reported here, this differs more significantly between drainage and imbibition than it does between the two sandstone samples for a given displacement, owing to the hysteresis in advancing and receding contact angles and differing pore-filling mechanisms [Haines, 1925; Miller and Miller, 1956] .
Given the mismatch between measured and simulated electrical conductivity data at high water saturation discussed previously, we further tested higher-order polynomial functions and three-stage Archie-type functions for the electrical conductivity to determine whether changing the conductivity match significantly affected the streaming charge density and found that Q r values remained within the range already determined. Thus, the small mismatch to the electrical conductivity at high water saturation has no significant influence on the Q r model we proposed here.
Comparison of Our Model for Q r Against Previous Studies
The model of the saturation dependence of the streaming current charge density we propose in equation (25) is compared with the models proposed by Revil et al. [2007] and Jougnot et al. [2012] in Figure 15 . The model of Jougnot et al. [2012] was applied using our interpreted capillary pressure and relative permeability curves from the Stainton and St. Bees core samples and the WR and RP approaches. As discussed in section 1, the model of Revil et al. [2007] assumes that Q r scales inversely with water saturation.
All three models predict that the relative streaming charge density increases monotonically with water saturation, but the 1/S w model of Revil et al. [2007] predicts a lower streaming charge density at low water saturation when compared with our model and the model of Jougnot et al. [2012] ; it also fails to capture Figure 15 , Q r predicted using both the WR and RP approaches of Jougnot et al.
[2012] demonstrates less hysteretic behavior and lower values of Q r at intermediate and high water saturation than our interpreted data. We did not expect an exact fit, since the model of Jougnot et al. [2012] is based on a bundle of capillary tubes model, which is too simple to describe the pore structure of real rock.
Application of the Relative Streaming Current Charge Density Model to Predict the Relative Streaming Potential Coupling Coefficient
We now demonstrate the broad range of behaviors of the relative streaming potential coupling coefficient predicted using our model of the relative streaming current charge density (empirical values of sandstone average in Table 5 for equation (25)) in conjunction with a simple Corey model of relative permeability (equations (14) and (15)) and a simple Archie model for electrical conductivity (equation (20) with a 2 = 0). Recall that C r is given by equation (12). We assume here that relative permeability, electrical conductivity, and streaming charge density are independent. This may not be the case, and attempts to relate electrical conductivity and permeability have been made [e.g., Johnson et al., 1987; Revil and Cathles, 1999; Doussan and Ruy, 2009] . However, any interdependencies for natural porous media are not well known [e.g., Dullien, 1992] . It is common to assume that relative permeability and electrical conductivity are independent, and they are often measured in separate experiments and on separate samples. Models for relative permeability and electrical conductivity also assume that they are independent. Figure 16 shows the predicted C r (S w ); the dashed lines denote the range of curves obtained using values of α and β (the Corey parameters) and n (the Archie parameter) varied in a simple Monte Carlo analysis over the range typically observed in water-wet rock (including the values determined for the two sandstones Figure 14 . Relative streaming charge density as a function of normalized water saturation for Stainton (solid shaded area) and St. Bees (textured shaded area) during drainage (black) and imbibition (gray); the curves are given by our power law model for the relative streaming charge density (equation (25))) to fit the mean value of the optimized variations in each core and displacement (R 2 = 0.99999 in all cases). Fitting parameters p, q, and r are summarized in Table 5 . (Figures 16a  and 16b ). We observe that depending on the parameters used, the Q r model presented here yields both monotonic and nonmonotonic variations of C r with S w as observed experimentally (Figure 1 ). In contrast, the 1/S w model predicts only monotonic variations in C r . Complex behaviors as predicted in Figure 16 are also consistent with model predictions [Jackson, 2010; Jougnot et al., 2012] and seismoelectric laboratory measurements [Bordes et al., 2015] . Values of C r can exceed 1 at partial saturation, although we cannot reproduce the large enhancements in C r at partial saturation observed by Allègre et al. [2010] .
We suggest that the broad range of behavior predicted here for reasonable models of k r , σ r , and Q r may explain the contrasting and inconsistent experimental data reported to date (Figure 1 ). Small variations in the pore-scale distribution of the fluid phase cause variations in k r , σ r , and Q r that yield complex and often nonmonotonic behavior of C r . Indeed, our results suggest that the relative streaming current Figure 16 . Predicted behavior of the relative streaming potential coupling coefficient using our model of the relative streaming charge (equation (25)) in conjunction with a simple Corey model of relative permeability (α and β over range 2-5) and a simple Archie model for electrical conductivity (n over range 1.5-3.5). Dash lines represent the ranges of the predicted coupling coefficient; solid lines are selected examples (a) during drainage and (b) during imbibition. Figure 15 . Predicted variation of streaming charge density with water saturation compared against other published models: solid and long dash lines are predicted using equation (25) and the values of p, q, and r reported in Table 5 . The dotted line represents the model of Revil et al. [2007] . Models of Jougnot et al. [2012] for Stainton and St. Bees are also presented using using (a) WR and (b) RP approaches.
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charge density may be similar for a given displacement (drainage or imbibition) and wetting state across different samples; variability in the relative streaming potential coupling coefficient arises primarily in response to variations in relative permeability and electrical conductivity.
Implications for Subsurface Flow Monitoring Using the SP and SE Methods
We propose here a simple empirical model for the saturation dependence of the relative streaming current charge density based on data interpreted from experiments on water-wet sandstones. These are the first data to be obtained using a method that makes no assumptions about the pore space geometry. The available data suggest that variability in Q r across water-wet sandstones samples is small but that it is important to account for hysteresis between drainage and imbibition. However, further data are required to confirm this. Assuming a simple inverse water saturation function for Q r does not account for hysteresis, yet such an approach has been applied in SP and SE studies of water-oil displacements which are dominated by forced or spontaneous imbibition rather than drainage (e.g., Woodruff et al. [2010] and Revil et al. [2014] ; see Saunders et al. [2012] for a discussion of oil reservoir conditions relevant to SP).
The effect of wettability will be particularly important when predicting or modeling Q r (S w ) (and hence C r ): Jackson [2010] used a capillary tubes model to show that wetting state will significantly impact on Q r (S w ) if there is a difference in charge separation at the oil-water and mineral-water interfaces, while Jackson and Vinogradov [2012] measured streaming potential in water-and oil-wet carbonate samples at the residual oil saturation and found that the streaming current charge density in the oil-wet sample was 0 within experimental error. The saturation dependence of the streaming potential is therefore best determined by fitting a model (such as equation (25)) for the relative streaming current charge density to experimental data that specifically replicate the conditions of interest, particularly drainage versus imbibition and the wetting state. The saturation dependence of the streaming potential coupling coefficient is controlled by the saturation dependence of the relative permeability, electrical conductivity, and streaming current charge density, all of which depend on the conditions of interest and how these control the pore-scale distribution of the fluid phases.
Conclusions
We present (i) a method to interpret measurements of streaming potential in multiphase flow during unsteady state displacements of one fluid by another and (ii) application of the method to determine the saturation dependence of the streaming potential coupling coefficient (C) and streaming current charge density (Q s ) using experimental data obtained during drainage and imbibition in two different sandstone core samples.
